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Description

[0001] This U.S. patent application is a continuation-in-part (CIP) of U.S. patent application serial number 14/134,188,
filed on December 19, 2013, which claims the benefit of and priority to U.S. provisional patent application serial number
61/894,035 filed on October 22, 2013, both of which are incorporated herein by reference in their entirety.

TECHNICAL FIELD

[0002] The invention relates to a welding system according to the preamble of claim 1 and 4. Certain embodiments
of the present invention relate to arc welding. More particularly, certain embodiments of the present invention relate to
systems and methods providing location feedback for a robotic welding additive manufacturing process.

BACKGROUND

[0003] During a robotic welding additive manufacturing process, successive layers of metal material are build up to
create a workpiece part. A robotic welding unit is used to build-up the workpiece part, layer-by-layer, over time as
commanded by a robot controller of the robotic welding unit. The robot controller may include software that reads a 3D
model of the workpiece part to be created using an additive (layer-by-layer) manufacturing process. The robot controller
programmatically splits the 3D model into a plurality of layers and plans a welding path for each of the individual layers
to perform the build-up of the part. An expected weld deposition is determined for each layer, resulting in an expected
height for each deposited layer. However, as actual layer-by-layer welding proceeds, the actual resultant height for any
given layer may deviate from the expected or desired height, due to factors such as, for example, surface conditions of
the workpiece part substrate (e.g., temperature or position on substrate) and the accuracy with which certain welding
parameters can be controlled.

[0004] Further limitations and disadvantages of conventional, traditional, and proposed approaches will become ap-
parent to one of skill in the art, through comparison of such systems and methods with embodiments of the present
invention as set forth in the remainder of the present application with reference to the drawings.

SUMMARY

[0005] A system and method to correct for height error during a robotic welding additive manufacturing process are
provided. One or both of a welding output current and a wire feed speed are sampled during a robotic welding additive
manufacturing process when creating a current weld layer. A plurality of instantaneous contact tip-to-work distances
(CTWD'’s) are determined based on at least one or both of the welding output current and the wire feed speed. An
average CTWD is determined based on the plurality of instantaneous CTWD's. A correction factor is generated, based
on at least the average CTWD, which is used to compensate for any error in height of the current weld layer and/or the
next weld layer.

[0006] In one embodiment, a welding system is provided having a welding power source. The welding power source
is configured to sample, in real time, instantaneous parameter pairs during a robotic welding additive manufacturing
process while creating a current weld layer of a 3D workpiece part. Each instantaneous parameter pair of the instanta-
neous parameter pairs includes a welding output current and a wire feed speed. The welding power source is also
configured to determine an instantaneous contact tip-to-work distance in real time for, and based on at least, each
parameter pair of the instantaneous parameter pairs as each parameter pair is sampled during creation of the current
weld layer. The welding power source is further configured to determine, in real time, a running average contact tip-to-
work distance based on each instantaneous contact tip-to-work distance as each instantaneous contact tip-to-work
distance is determined during creation of the current weld layer. The welding power source is also configured to generate
a correction factor. The correction factor is based on at least the running average contact tip-to-work distance and is to
be used in real time, while creating the current weld layer of the 3D workpiece part, to compensate for deviations in a
deposit level from a desired deposit level for the current weld layer. In one embodiment, the instantaneous contact tip-
to-work distance may further be based on one or more of a welding output voltage, a welding electrode type, a welding
electrode diameter, or a shielding gas used. The running average contact tip-to-work distance may be one of a simple
running mathematical average or a weighted average of the instantaneous contact tip-to-work distances. In one embod-
iment, the welding power source is configured to generate the correction factor at least in part by comparing the running
average contact tip-to-work distance to a setpoint contact tip-to-work distance. The welding power source may also be
configured to adjust, in real time, one or more of a travel speed, a weld duration, or a wire feed speed of the welding
system during creation of the current weld layerin response to the correction factor. Adjusting the travel speed in response
to the correction factor may include taking into account a preset travel speed. Adjusting the weld duration in response
to the correction factor may include taking into account a preset weld duration. Adjusting the wire feed speed in response
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to the correction factor may include taking into account a preset wire feed speed. In one embodiment, the correction
factor is further based on one or more 3D model parameters corresponding to the 3D workpiece part or robot parameters
provided by a robot controller for a current weld operation for the current weld layer. The 3D model parameters and
robot parameters may include one or more of a designated height of the current weld layer or a designated position of
a welding tool for the current weld layer. In one embodiment, the welding system includes a robot having a robot controller
configured to operatively communicate with the welding power source. In one embodiment, the welding system includes
a welding tool operatively connected to the robot. In one embodiment, the welding system includes a wire feeder oper-
atively connected to the welding tool and the welding power source.

[0007] In one embodiment, a welding system is provided having a welding power source. The welding power source
is configured to sample, in real time, instantaneous parameter pairs during a robotic welding additive manufacturing
process while creating a current weld layer of a 3D workpiece part. Each instantaneous parameter pair of the instanta-
neous parameter pairs includes a welding output current and a wire feed speed. The welding power source is also
configured to determine an instantaneous contact tip-to-work distance in real time for, and based on at least, each
parameter pair of the instantaneous parameter pairs as each parameter pair is sampled during creation of the current
weld layer. The welding power source is further configured to determine, in real time, a running average contact tip-to-
work distance based on each instantaneous contact tip-to-work distance as each instantaneous contact tip-to-work
distance is determined during creation of the current weld layer. The welding power source is also configured to determine
a total average contact tip-to-work distance based on each instantaneous contact tip-to-work distance determined over
the entire current weld layer. The welding power source is further configured to adjust, in real time, one or more of a
weld duration, a travel speed, or a wire feed speed of the welding system during creation of the current weld layer in
response to the running average contact tip-to-work distance. The welding power source is also configured to generate
a correction factor to be used when creating a next weld layer of the 3D workpiece part based on at least the total average
contact tip-to-work distance. In accordance with one embodiment, the welding power source includes a controller con-
figured to determine the instantaneous contact tip-to-work distance, determine the running average contact tip-to-work
distance, determine the total average contact tip-to-work distance, adjust one or more of the weld duration, the travel
speed, or the wire feed speed during the creation of the current weld layer, and generate the correction factor to be used
when creating the next weld layer. In one embodiment, the instantaneous contact tip-to-work distance is further based
on one or more of a welding output voltage, a welding electrode type, a welding electrode diameter, or a shielding gas
used. In one embodiment, adjusting the travel speed in response to the running average contact tip-to-work distance
includes taking into account a preset travel speed. Adjusting the weld duration in response to the running average contact
tip-to-work distance includes taking into account a preset weld duration. Adjusting the wire feed speed in response to
the running average contact tip-to-work distance includes taking into account a preset wire feed speed. In one embod-
iment, the correction factor is further based on one or more of 3D model parameters corresponding to the 3D workpiece
part or robot parameters provided by a robot controller for a next weld operation for the next weld layer. The 3D model
parameters and the robot parameters may include one or more of a designated height of the next weld layer or a
designated position of a welding tool for the next weld layer. The total average contact tip-to-work distance is one of a
simple mathematical average of the instantaneous contact tip-to-work distances determined over the entire current weld
layer, a weighted average of the instantaneous contact tip-to-work distances determined over the entire current weld
layer, or a running average of the instantaneous contact tip-to-work distances determined over the entire current weld
layer. In one embodiment, the welding system includes a robot having a robot controller configured to operatively
communicate with the welding power source, a welding tool operatively connected to the robot, and a wire feeder
operatively connected to the welding tool and the welding power source.

[0008] Details of illustrated embodiments of the present invention will be more fully understood from the following
description, drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009]
Fig. 1 illustrates a diagram of an exemplary embodiment of a robotic welding cell unit;

Fig. 2illustrates a schematic block diagram of an exemplary embodiment of the welding power source of the robotic
welding cell unit of Fig. 1 operatively connected to a consumable welding electrode and a workpiece part;

Fig. 3 illustrates a diagram of an exemplary embodiment of a portion of the welding gun of the robotic welding cell
unit of Fig. 1 providing a welding wire electrode that interacts with a workpiece part during an additive manufacturing
arc welding process;
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Figs. 4A and 4B illustrate the concept of contact tip-to-work distance (CTWD) with and without the presence of an arc;

Fig. 5 illustrates an exemplary embodiment of a two-dimensional graph having two plots showing the relationship
between CTWD and welding output current (amperage) for two different welding wires, being of the same type but
of two different sizes, for an arc welding process at a given wire feed speed when a particular type of welding gas
is used;

Fig. 6 illustrates an exemplary embodiment of a three-dimensional graph showing the relationship between CTWD,
welding output current (amperage), and wire feed speed, being of a particular type and size, for an arc welding
process when a particular type of welding gas is provided;

Fig. 7 illustrates an exemplary embodiment of a portion of the controller of the welding power source of Fig. 2
configured to determine an actual, instantaneous CTWD;

Fig. 8 illustrates an exemplary embodiment of a portion of the controller of the welding power source of Fig. 2
configured to determine an average CTWD over time, from the instantaneous CTWD'’s, and compute a correction
factor;

Fig. 9 illustrates a flow chart of an embodiment of a method for correcting for additive manufacturing height error
on a layer-by-layer basis during a robotic welding additive manufacturing process (RWAMP);

Fig. 10illustrates an example of a robotic welding additive manufacturing process employing the method of Fig. 9; and

Fig. 11 illustrates an exemplary embodiment of a portion of the controller of the welding power source of Fig. 2 to
compensate for deviations in a deposit level from a desired deposit level for a current weld layer.

DETAILED DESCRIPTION

[0010] The following are definitions of exemplary terms that may be used within the disclosure. Both singular and
plural forms of all terms fall within each meaning:

[0011] "Software" or "computer program" as used herein includes, but is not limited to, one or more computer readable
and/or executable instructions that cause a computer or other electronic device to perform functions, actions, and/or
behave in a desired manner. The instructions may be embodied in various forms such as routines, algorithms, modules
or programs including separate applications or code from dynamically linked libraries. Software may also be implemented
in various forms such as a stand-alone program, a function call, a servlet, an applet, an application, instructions stored
in a memory, part of an operating system or other type of executable instructions. It will be appreciated by one of ordinary
skillinthe artthatthe form of software is dependenton, for example, requirements of a desired application, the environment
it runs on, and/or the desires of a designer/programmer or the like.

[0012] "Computer" or "processing element" or "computer device" as used herein includes, but is not limited to, any
programmed or programmable electronic device that can store, retrieve, and process data. "Non-transitory computer-
readable media" include, but are not limited to, a CD-ROM, a removable flash memory card, a hard disk drive, a magnetic
tape, and a floppy disk.

[0013] "Welding tool", as used herein, refers to, but is not limited to, a welding gun, a welding torch, or any welding
device that accepts a consumable welding wire for the purpose of applying electrical power to the consumable welding
wire provided by a welding power source.

[0014] "Welding output circuit path", as used herein, refers to the electrical path from a first side of the welding output
of a welding power source, through a first welding cable (or a first side of a welding cable), to a welding electrode, to a
workpiece (either through a short or an arc between the welding electrode and the workpiece), through a second welding
cable (or a second side of a welding cable), and back to a second side of the welding output of the welding power source.
[0015] "Welding cable", as used herein, refers to the electrical cable that may be connected between a welding power
source and a welding electrode and workpiece (e.g. through a welding wire feeder) to provide electrical power to create
an arc between the welding electrode and the workpiece.

[0016] "Welding output", as used herein, may refer to the electrical output circuitry or output port or terminals of a
welding power source, or to the electrical power, voltage, or current provided by the electrical output circuitry or output
port of a welding power source.

[0017] "Computer memory", as used herein, refers to a storage device configured to store digital data or information
which can be retrieved by a computer or processing element.

[0018] "Controller", as used herein, refers to the logic circuitry and/or processing elements and associated software
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or program involved in controlling a welding power source or a welding robot.

[0019] The terms "signal", "data", and "information" may be used interchangeably herein and may be in digital or
analog form.

[0020] The term "welding parameter” is used broadly herein and may refer to characteristics of a portion of a welding
output current waveform (e.g., amplitude, pulse width or duration, slope, electrode polarity), a welding process (e.g., a
shortarcwelding process or a pulse welding process), wire feed speed, a modulation frequency, or a welding travel speed.
[0021] With reference to Fig. 1, a robotic welding cell unit 10 generally includes a frame 12, a robot 14 disposed within
the frame, and a welding table 16 also disposed within the frame. The robotic welding cell unit 10 is useful for building
up aworkpiece part 22 on a substrate through an additive manufacturing process, as described in more detail below herein.
[0022] In the depicted embodiment, the frame 12 includes a plurality of side walls and doors to enclose the robot 14
and the welding table 16. Even though a substantially rectangular configuration is shown in a plan view, the frame 12,
and the unit 10, can take numerous configurations.

[0023] A front access door 26 mounts to the frame 12 to provide access to the interior of the frame. Similarly, a rear
access door 28 also mounts to the frame 12. Windows 32 can be provided on either door (only depicted on front door
26). The windows can include a tinted safety screen, which is known in the art.

[0024] A control panel 40 is provided on the frame 12 adjacent the front door 26. Control knobs and/or switches
provided on the control panel 40 communicate with controls housed in a controls enclosure 42 that is also mounted to
the frame 12. The controls on the control panel 40 can be used to control operations performed in the unit 10 in a similar
manner to controls used with known welding cell units.

[0025] In accordance with an embodiment, the robot 14 is mounted on a pedestal that mounts on a support (not
shown). The robot 14 used in the depicted embodiment can be an ARC Mate® 100/Be robot available from FANUC
Robotics America, Inc. Other similar robots can also be used. The robot 14 in the depicted embodiment is positioned
with respect to the welding table 16 and includes eleven axes of movement. If desired, the pedestal (not shown) can
rotate with respect to the support (not shown) similar to a turret. Accordingly, some sort of drive mechanism, e.g. a motor
and transmission (not shown), can be housed in the pedestal and/or the support for rotating the robot 14.

[0026] A welding gun 60 attaches to a distal end of the robot arm 14. The welding gun 60 can be similar to those that
are known in the art. A flexible tube or conduit 62 attaches to the welding gun 60. Consumable welding electrode wire
64, which can be stored in a container 66, is delivered to the welding gun 60 through the conduit 62. A wire feeder 68,
which can be a PF 10 R-Il wire feeder available from The Lincoln Electric Company for example, attaches to the frame
12 to facilitate the delivery of welding wire 64 to the welding gun 60.

[0027] Even though the robot 14 is shown mounted to a base or lower portion of the frame 12, if desired, the robot 14
can mount in a similar manner as the robot disclosed in U.S. Patent No. 6,772,932. That is, the robot can mount to an
upper structure of the frame and extend downwardly into the cell unit 10.

[0028] With reference back to the embodiment depicted in FIG. 1, a welding power source 72 for the welding operation
mounts to and rests on a platform 74 that is connected to and can be a part of the frame 12. The welding power source
72 in the depicted embodiment is a PW 455 M (non STT) available from The Lincoln Electric Company; however, other
suitable power sources can be used for the welding operation. A robot controller 76, which controls the robot 14, also
rests and mounts on the platform 74. The robot controller typically accompanies the robot 14.

[0029] The robotic welding cell unit 10 may also include a shielding gas supply (not shown). During operation, the wire
feeder 68, the welding gun 60, the shielding gas supply, and the welding power source 72 are operatively connected to
allow an electric arc to be created between a welding wire and a workpiece part 22 to create a weld layer as is well
known in the art. In accordance with an embodiment, shielding gases may be used during a gas metal arc welding
(GMAW) process to protect the welding region from atmospheric gases such as oxygen or nitrogen, for example. Such
atmospheric gases may cause various weld metal defects such as, for example, fusion defects, embrittlement, and
porosity.

[0030] The type of shielding gas, or combination of shielding gases used depend on the material being welded and
the welding process. The rate of flow of the shielding gas to be provided depends on the type of shielding gas, the travel
speed, the welding current, the weld geometry, and the metal transfer mode of the welding process. Inert shielding gases
include argon and helium. However, there may be situations when it is desirable to use other shielding gases or com-
binations of gases such as, for example, carbon dioxide (CO2) and oxygen. In accordance with an embodiment, a
shielding gas may be fed to a welding tool during an arc welding process such that the welding tool disperses the shielding
gas to the weld region during the welding process.

[0031] Selection of a welding wire or electrode is dependent on the composition of the workpiece part being additively
welded, the welding process, the configuration of the weld layer, and the surface conditions of the workpiece part
substrate. Welding wire selection may largely affect the mechanical properties of the resultant weld layers and may be
a main determinant of weld layer quality. It may be desirable for the resultant weld metal layers to have mechanical
properties like those of the base substrate material, without defects such as discontinuities, contaminants, or porosity.
[0032] Existing welding wire electrodes often contain deoxidizing metals such as silicon, manganese, titanium, and
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aluminum in relatively small percentages to help prevent oxygen porosity. Some electrodes may contain metals such
as titanium and zirconium to avoid nitrogen porosity. Depending on the welding process and base substrate material
being welded upon, the diameters of the electrodes used in gas metal arc welding (GMAW) typically range from
0.028-0.095 inches, but may be as large as 0.16 inches. The smallest electrodes, generally up to 0.045 inches in diameter,
may be associated with a short-circuit metal transfer process, while electrodes used for spray-transfer processes may
be at least 0.035 inches in diameter.

[0033] Fig. 2 illustrates a schematic block diagram of an exemplary embodiment of the welding power source 72 of
the robotic welding cell unit 10 of Fig. 1 operatively connected to a consumable welding electrode 64 and a workpiece
part 22. The welding power source 72 includes a switching power supply 105 having a power conversion circuit 110 and
a bridge switching circuit 180 providing welding output power between the welding electrode 64 and the workpiece part
22. The power conversion circuit 110 may be transformer based with a half bridge output topology. For example, the
power conversion circuit 110 may be of an inverter type that includes an input power side and an output power side, for
example, as delineated by the primary and secondary sides, respectively, of a welding transformer. Other types of power
conversion circuits are possible as well such as, for example, a chopper type having a DC output topology. The power
source 100 also includes a bridge switching circuit 180 that is operatively connected to the power conversion circuit 110
and is configured to switch a direction of the polarity of the welding output current (e.g., for AC welding).

[0034] The power source 72 further includes a waveform generator 120 and a controller 130. The waveform generator
120 generates welding waveforms at the command of the controller 130. A waveform generated by the waveform
generator 120 modulates the output of the power conversion circuit 110 to produce the welding output current between
the electrode 64 and the workpiece part 22. The controller 130 also commands the switching of the bridge switching
circuit 180 and may provide control commands to the power conversion circuit 110.

[0035] The welding power source 72 further includes a voltage feedback circuit 140 and a current feedback circuit
150 to monitor the welding output voltage and current between the electrode 64 and the workpiece part 22 and provide
the monitored voltage and current back to the controller 130. The feedback voltage and current may be used by the
controller 130 to make decisions with respect to modifying the welding waveform generated by the waveform generator
120 and/or to make other decisions that affect operation of the power source 72, for example. In accordance with an
embodiment, the controller 130 is used to determine CTWD during a welding process, and use the CTWD to adjust a
weld time duration (WTD) and/or a wire feed speed (WFS), as is discussed in more detail later herein.

[0036] Inaccordance with an embodiment, the switching power supply 105, the waveform generator 120, the controller
130, the voltage feedback circuit 140, and the current feedback circuit 150 constitute the welding power source 72. The
robotic welding cell unit 10 also includes a wire feeder 68 that feeds the consumable wire welding electrode 64 toward
the workpiece part 22 through the welding gun (welding tool) 60 at a selected wire feed speed (WFS). The wire feeder
68, the consumable welding electrode 64, and the workpiece part 22 are not part of the welding power source 72 but
may be operatively connected to the welding power source 72 via one or more welding output cables.

[0037] Fig. 3illustrates a diagram of an exemplary embodiment of a portion of the welding gun 60 of the robotic welding
cell unit 10 of Fig. 1 providing a welding wire electrode 64 that interacts with a workpiece part 22 during an additive
manufacturing arc welding process. The welding gun 60 may have an insulated conductor tube 61, an electrode conduit
63, a gas diffuser 65, a contact tip 67, and a wire electrode 64 feeding through the gun 60. A control switch, or trigger,
(not shown) when activated by the robot 14, starts the wire feed, electric power, and the shielding gas flow, causing an
electric arc to be established between the electrode 64 and the workpiece part 22. The contact tip 67 is electrically
conductive and is connected to the welding power source 72 through a welding cable and transmits electrical energy to
the electrode 64 while directing the electrode 64 toward the workpiece part 22. The contact tip 67 is secured and sized
to allow the electrode 64 to pass while maintaining electrical contact.

[0038] The wire feeder 68 supplies the electrode 64 to the workpiece part 22, driving the electrode 64 through the
conduit 62 and on to the contact tip 67. The wire electrode 64 may be fed at a constant feed rate, or the feed rate may
be varied based on the arc length and the welding voltage. Some wire feeders can reach feed rates as high as 1200
in/min), however, feed rates for semiautomatic GMAW typically range from 75-400 in/min.

[0039] On the way to the contact tip 67, the wire electrode 64 is protected and guided by the electrode conduit 63,
which helps prevent kinking and maintains an uninterrupted feeding of the wire electrode 64. The gas diffuser 65 directs
the shielding gas evenly into the welding zone. A gas hose from the tank(s) of shielding gas supplies the gas to the gas
diffuser 65.

[0040] Figs. 4A and 4B illustrate the concept of contact tip-to-work distance (CTWD) with and without the presence
of an arc. In Fig. 4A, the CTWD is shown as the distance between the end of the contact tip 67 and a top layer of the
workpiece part 22 with no arc established between the electrode 64 and the workpiece part 22. In Fig. 4B, the CTWD
is shown as the distance between the end of the contact tip 67 and the top layer of the workpiece part 22 with an arc
established between the electrode 64 and the workpiece part 22. Again, keeping a consistent, desired contact tip-to-
work distance (CTWD) during a welding process is important. In general, as CTWD increases, the welding current
decreases. A CTWD that is too long may cause the welding electrode to get too hot and may also waste shielding gas.
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Furthermore, the desired CTWD may be different for different welding processes.

[0041] In accordance with an embodiment, the workpiece part 22 is built up, layer-by-layer, over time as commanded
by the robot controller 76. The robot controller 76 includes software that reads a 3D model of the workpiece part 22 to
be created using an additive (layer-by-layer) manufacturing process. The robot controller 76 programmatically splits the
3D model into a plurality of layers and plans a welding path for each of the individual layers to perform the build-up of
the part 22. An expected weld deposition is determined for each layer, resulting in an expected height for each deposited
layer. However, as actual layer-by-layer welding proceeds, the actual resultant height for any given layer may deviate
from the expected or desired height, due to factors such as, for example, surface conditions of the workpiece part
substrate and the accuracy with which certain welding parameters can be controlled. Therefore, in accordance with an
embodiment, CTWD is monitored for each layer during the welding process and used to compensate for errors in the
height dimension as described below herein in detail.

[0042] Fig. 5 illustrates an exemplary embodiment of a two-dimensional graph 500 having two plots 510 and 520
showing the relationship between CTWD and welding output current (amperage) for two different welding wires, being
of the same type and fed at the same fixed rate, but being of two different diameters, for an arc welding process when
a particular type of welding gas is used. In accordance with an embodiment, the actual instantaneous CTWD during a
welding process may be determined in real time by the controller 130 based on the welding output current (amperage),
the welding electrode type, the welding electrode diameter, the wire feed speed (WFS), and the shielding gas used. As
the CTWD changes in real time during a welding process, the welding output current (amperage) will reflect that change
in real time, as defined by the appropriate plot (e.g., 510 or 520). As the actual CTWD changes in real time during the
welding process, the controller 130, receiving the welding output current value fed back from the current feedback circuit
150, and already knowing the selected wire electrode type/diameter, shielding gas mixture, and wire feed speed, deter-
mines the actual CTWD.

[0043] In accordance with an embodiment, plot 510 corresponds to a welding wire electrode, having a diameter of
0.045 inches and being of a mild steel, copper coated type, used in a welding process providing a mixture of 90% argon
shielding gas and 10% carbon dioxide shielding gas. Furthermore, in accordance with an embodiment, plot 520 corre-
sponds to a welding wire electrode, having a diameter of 0.052 inches and being of a same mild steel, copper coated
type, used in a welding process providing a same mixture of 90% argon shielding gas and 10% carbon dioxide shielding
gas. As can be seen from Fig. 5, as the diameter of the welding wire of the same type is changed to an increased
diameter, the plot representing the relationship of CTWD vs. amperage moves outward from the origin of the graph 500.
[0044] In accordance with various embodiments, the relationship between CTWD and amperage for a combination of
welding electrode type, welding electrode diameter, wire feed speed, and shielding gas used may be determined ex-
perimentally or through analysis based on theory. Once such a relationship is determined, the relationship may be
expressed or stored in the controller 130 as a look-up-table (LUT) or as a mathematical transfer function or algorithm,
for example.

[0045] Inaccordance with an alternative embodiment, the wire feed speed (WFS) may vary during the welding process
(e.g., based on the arc length and the welding voltage) and, therefore, the LUT or mathematical transfer function may
reflect the effect of a changing wire feed speed on CTWD. For example, Fig. 6 illustrates an exemplary embodiment of
a three-dimensional graph 600 showing the relationship between CTWD, welding output current (amperage), and wire
feed speed (WFS) for a welding wire, being of a particular type and size, for an arc welding process when a particular
type of welding gas is provided. The plot 610 on the graph 600 forms a surface. In accordance with an embodiment, the
actual instantaneous CTWD during a welding process may be determined in real time by the controller 130 based on
the welding output current (amperage), the wire feed speed, the welding electrode type, the welding electrode diameter,
and the shielding gas used.

[0046] Astheactual CTWD changes inrealtime during awelding process, the paired welding output current (amperage)
and WFS (parameter pair) will reflect that change in real time, as defined by the surface plot 610 of the graph 600.
Furthermore, as the actual CTWD changes in real time during the welding process, the controller 130, receiving the
welding output current (amperage) value fed back from the current feedback circuit 150 and the WFS value fed back
from the wire feeder 68, and already knowing the selected wire electrode type/diameter and shielding gas mixture,
determines the actual CTWD. Fig. 6 shows an example of an amperage/WFS parameter pair 611 corresponding to an
actual CTWD value 612 as determined by the surface plot 610 of the graph 600. For other combinations of welding
electrode type, welding electrode diameter, and shielding gas used, plots of other surfaces will define the relationship
of CTWD, WFS, and amperage. In accordance with an alternative embodiment, taking into consideration the welding
output voltage as fed back to the controller 130 from the voltage feedback circuit 140 may provide a more accurate
determination of actual instantaneous CTWD.

[0047] In accordance with various embodiments, the relationship between CTWD, WFS, and amperage for a combi-
nation of welding electrode type, welding electrode diameter, and shielding gas used may be determined experimentally
or through analysis based on theory. Once such a relationship is determined, the relationship may be expressed or
stored in the controller 130 as a look-up-table (LUT) or as a mathematical transfer function expressed in software, for
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example.

[0048] Fig. 7 illustrates an exemplary embodiment of a portion 700 of the controller 130 of the welding power source
72 of Fig. 2 configured to determine an actual, instantaneous CTWD. As shown in the embodiment of Fig. 7, a LUT 710
is used to implement the relationship between the inputs 711 (WFS, wire type, wire size, amperage, voltage, and shielding
gas) and the output 712 (actual CTWD). The LUT 710 may be implemented in firmware, for example, as an EEPROM.
In some embodiments, the inputs of welding output voltage or shielding gas may not be used. For any particular com-
bination of inputs 711, an output 712 representing an actual and instantaneous CTWD, in real time, is produced.
[0049] Fig. 8illustrates an exemplary embodiment of a portion 800 of the controller 130 of the welding power source
72 of Fig. 2 configured to determine an average CTWD 812 over time, from the CTWD’s 712 out of the LUT 710, and
compute a correction factor. The correction factor can take the form of a weld duration 822, a wire feed speed (WFS)
824, or both. Fig. 8 also shows the robot controller 76 communicatively interfacing to the portion 800 of the controller
130 of the welding power source 72. Optionally or alternatively, the correction factor can take the form of a travel speed
of the welding gun.

[0050] In accordance with an embodiment, when a current weld operation is being performed to create a current weld
layer at a current position on the workpiece part 22, a plurality of instantaneous CTWD’s 712 is determined during the
current weld operation and an average CTWD 812 is computed from the plurality of instantaneous CTWD’s 712 for the
current weld layer by an averaging module 810. A correction factor (e.g., weld duration 822, WFS 824, or both) for a
next weld operation is computed by a correction factor module 820 based on the average CTWD 812 and further based
on 3D model/robot parameters corresponding to the next weld operation which are received by the controller 130 from
the robot controller 76. The correction factor is used by the welding power source 72 to generate the next weld layer at
the next workpiece part position (e.g., the next height position corresponding to the next weld layer) during the next weld
operation.

[0051] In accordance with an embodiment, the average CTWD can be a simple mathematical average of the instan-
taneous CTWD'’s. In another embodiment, the average CTWD can be a weighted average. For example, more weight
may be given to the later instantaneous CTWD’s (e.g,. maybe the last four of the ten). In accordance with still another
embodiment, the average CTWD can be a running average, where the total number of samples of instantaneous CTWD’s
may vary from layer to layer. Other ways of determining average CTWD that work well for different additive manufacturing
applications may be possible as well. Therefore, the term "average CTWD" is used in a broad sense herein.

[0052] In accordance with an embodiment, the 3D model/robot parameters may include one or more of a designated
height of the next weld layer and a designated position of the welding gun 60. By knowing the 3D model/robot parameters
for the next weld layer and the average CTWD from the current weld layer, the weld duration and/or the WFS can be
increased or decreased for the next weld operation to generate the next weld layer. The averaging module 810 and the
correction factor module 820 may be implemented as software and/or hardware in the controller 130, in accordance
with various embodiments. For example, implementations as software running on a processor, or as firmware (e.g., a
programmed EEPROM), are contemplated. Other implemented embodiments are possible as well (e.g., a digital signal
processor).

[0053] For example, when the average CTWD 812 for the current weld layer is longer than expected based on the 3D
model/robot parameters, this may be an indication that the resultant current weld layer is too short in height (e.g., not
enough weld material was deposited to reach the designated height for this layer). Therefore, the weld duration and/or
the WFS for the next weld operation can be increased to deposit more weld material for the next weld layer to compensate
for the short height of the current weld layer.

[0054] Similarly, when the average CTWD for the current weld layer is shorter than expected, this may be an indication
that the resultant current weld layer is too high (e.g., too much weld material was deposited, overshooting the designated
height for this layer). Therefore, the weld duration and/or the WFS for the next weld operation can be decreased to
deposit less weld material for the next weld layer to compensate for the current weld layer. In this manner, by allowing
for a next weld layer to compensate for a current weld layer, any error in a resultant overall height of the workpiece part
at a particular location, after all weld layers are generated, may be minimized. In accordance with an alternative embod-
iment, atravel speed of the welding gun may be adjusted (increased or decreased)fora next weld layer to help compensate
for a current weld layer.

[0055] The relationship between weld duration (and/or wire feed speed), for a next weld layer, and average CTWD
may be determined experimentally or through analysis based on theory, in accordance with various embodiments. In
general, determination of CTWD is more accurate in a region that produces alarger amperage change for a given change
in CTWD (e.g., see Fig. 5).

[0056] Fig. 9illustrates a flow chart of an embodiment of a method 900 for correcting for additive manufacturing height
error on a layer-by-layer basis during a robotic welding additive manufacturing process (RWAMP). In step 910, sample
one or both of welding output current and wire feed speed during a robotic welding additive manufacturing process for
creating a current weld layer. In step 920, determine a plurality of instantaneous contact tip-to-work distances based on
one or both of the welding output current and the wire feed speed, as well as a welding wire type, a welding wire size
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and, optionally, a welding gas type used during the robotic welding additive manufacturing process and/or a welding
output voltage. In step 930, determine an average CTWD based on the plurality of instantaneous CTWD’s determined
during the robotic welding additive manufacturing process for the current weld layer. In step 940, generate a correction
factor to be used when generating a next weld layer based on the average CTWD and one or more parameters from a
robot controller used to control the robotic welding additive manufacturing process.

[0057] Fig. 10 illustrates an example of a robotic welding additive manufacturing process employing the method 900
of Fig. 9. In the process of Fig. 10, each layer of weld material is designated to be 50 mils in height along the z-direction
at a designated position on a workpiece substrate, where a mil is a thousandth of an inch. During the deposit of each
layer at the designated position, approximately ten (10) samples of instantaneous CTWD are determined as described
herein during the weld duration for each layer. Furthermore, the average CTWD is determined from the ten (10) samples
of instantaneous CTWD. In accordance with an embodiment, the correction factor for a layer may change or vary as the
designated position across that layer changes.

[0058] In the example of Fig. 10, the average CTWD for layer N was determined to be longer than expected and the
height of layer N ended up being 40 mils instead of the desired 50 mils. As a result, using the process described herein,
a correction factor was determined for the next layer N+1 based on at least the average CTWD for layer N, where the
weld duration and the wire feed speed were each increased by determined amounts to compensate for the height
deficiency of layer N. As a result, the height of layer N+1 ended up being 60 mils, resulting in a total height of 100 mils
from the bottom of layer N to the top of layer N+1, as desired. The process may proceed in a similar manner for all layers
at the designated position, resulting in a minimized, acceptable error in height at that designated position. Again, in
accordance with an embodiment, in addition (or as an alternative) to weld duration and wire feed speed, travel speed
may be adjusted to compensate for the current layer. That is, any one or more of weld duration, wire feed speed, or
travel speed for a next layer may be adjusted to compensate for a current layer.

[0059] As an alternative, a correction factor can be generated in real time for a current welding layer. For example, a
running average of instantaneous CTWD’s may be computed during a welding process for a current layer. As the running
average is monitored, adjustments may be made in the weld duration, the travel speed, the power source output, and/or
the wire feed speed in real time for the current weld layer, based on the running average CTWD.

[0060] Fig. 11 illustrates an exemplary embodiment of a portion 1100 of the controller 130 of the welding power source
72 of Fig. 2 to compensate for deviations in a deposit level (height) from a desired deposit level (desired height) for a
current weld layer. As shown in Fig. 11, the portion 1100 of the controller 130 is configured to generate an adjusted
travel speed, an adjusted weld duration, an adjusted wire feed speed (WFS), and an adjusted power source output for
the current layer. In accordance with one embodiment, the controller 130 of the welding power source 72 communicates
the adjusted travel speed to the robot controller 76 such that the robot controller 76 can drive the robot 14 to move the
welding gun 60 at the adjusted travel speed. Similarly, the controller 130 of the welding power source 72 communicates
the adjusted WFS to the wire feeder 68 such that the wire feeder 68 can drive the welding electrode (wire) at the adjusted
WEFS.

[0061] Referring again to Fig. 11, as the running average (RA) CTWD is being generated during deposition of a current
welding layer, the running average CTWD is compared to a CTWD setpoint by a comparator 1110. The CTWD setpoint
is a numerical value representing the desired CTWD. The output of the comparator 1110 is a correction factor. The
correction factor may be a difference of the running average CTWD and the CTWD setpoint, in accordance with one
embodiment. In accordance with another embodiment, the comparator 1110 may be replaced by a LUT (or function/al-
gorithm executed by a processor) providing a relationship between the output (correction factor) and the inputs (RA
CTWD and CTWD setpoint) that is more complex.

[0062] In accordance with on embodiment, the correction factor is input to three (3) LUT’s (or functions/algorithms
executed by a processor) 1120, 1130, and 1140. Also, a preset travel speed is input to the first LUT 1120, a preset weld
duration is input to the second LUT 1130, and a preset workpoint is input to the third LUT 1140. In accordance with one
embodiment, the preset workpoint includes a wire feed speed (WFS) and welding waveform parameters. The welding
waveform parameters may include, for example, one or more of a peak voltage, a peak current, a power, a pulse duration,
a background amplitude, or a frequency. The welding waveform parameters are configured to operate at the WFS, in
accordance with one embodiment.

[0063] The output of the first LUT 1120 is an adjusted travel speed and the output of the second LUT 1130 is an
adjusted weld duration. The output of the third LUT 1140 is an adjusted WFS and an adjusted power source output. The
adjusted power source output may include, for example, one or more of a welding output voltage or a welding output
current. The adjusted parameters compensate for deviations in a deposit level (height) from a desired deposit level
(desired height) for the current weld layer at each of multiple positions as the current weld layer is being deposited. The
relationship between the inputs and the outputs of the LUTs (or functions/algorithms executed by a processor) are
determined experimentally or through analysis based on theory. The compensation is performed in real time at each
location on the current weld layer.

[0064] In this manner, fine corrections of deposition may be achieved in real time for a current weld layer.
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[0065] In accordance with another embodiment, a combination of the two approaches (i.e., making corrections in real
time for the current weld layer and making corrections for a next weld layer based on the current weld layer) can be
implemented. Such a combined approach may result in a combination of coarse correction and fine correction that helps
to keep the height of the layers more consistent with each other. For example, in one embodiment, the approach of
correcting, in real time, on the current weld layer may provide for fine corrections at many different positions on the
current weld layer, and the approach of correcting on the next weld layer may provide a single coarse correction for the
next weld layer. However, once the next weld layer becomes the current weld layer, fine correction may again be applied.
[0066] Forexample, in one embodiment, a welding system is provided having a welding power source 72. The welding
power source 72 is configured to sample, in real time, instantaneous parameter pairs during a robotic welding additive
manufacturing process while creating a current weld layer of a 3D workpiece part. Each instantaneous parameter pair
of the instantaneous parameter pairs includes a welding output current and a wire feed speed. The welding power source
72 is also configured to determine an instantaneous contact tip-to-work distance in real time for, and based on at least,
each parameter pair of the instantaneous parameter pairs as each parameter pair is sampled during creation of the
current weld layer.

[0067] The welding power source 72 is further configured to determine, in real time, a running average contact tip-to-
work distance based on each instantaneous contact tip-to-work distance as each instantaneous contact tip-to-work
distance is determined during creation of the current weld layer. The welding power source 72 is also configured to
determine a total average contact tip-to-work distance based on each instantaneous contact tip-to-work distance deter-
mined over the entire current weld layer. The total average contact tip-to-work distance may be a simple mathematical
average of the instantaneous contact tip-to-work distances determined over the entire current weld layer or a weighted
average of the instantaneous contact tip-to-work distances determined over the entire current weld layer.

[0068] The welding power source 72 is further configured to adjust, in real time, a weld duration, a travel speed, or a
wire feed speed of the welding system during creation of the current weld layer in response to the running average
contact tip-to-work distance. The welding power source is also configured to generate a correction factor to be used
when creating a next weld layer of the 3D workpiece part based on at least the total average contact tip-to-work distance.
[0069] Inaccordance with one embodiment, the welding power source includes a controller 130 configured to determine
the instantaneous contact tip-to-work distance, determine the running average contact tip-to-work distance, and deter-
mine the total average contact tip-to-work distance. The controller 130 is also configured to adjust one or more of the
weld duration, the travel speed, or the wire feed speed during the creation of the current weld layer, and generate the
correction factor to be used when creating the next weld layer. In one embodiment, the instantaneous contact tip-to-
work distance is further based on one or more of a welding output voltage, a welding electrode type, a welding electrode
diameter, or a shielding gas used.

[0070] In one embodiment, adjusting the travel speed in response to the running average contact tip-to-work distance
includes taking into account a preset travel speed. Adjusting the weld duration in response to the running average contact
tip-to-work distance includes taking into account a preset weld duration. Adjusting the wire feed speed in response to
the running average contact tip-to-work distance includes taking into account a preset wire feed speed.

[0071] Inone embodiment, the welding systemincludes arobot 14 having a robot controller 76 configured to operatively
communicate with the welding power source 72, a welding tool 60 operatively connected to the robot 14, and a wire
feeder 68 operatively connected to the welding tool 60 and the welding power source 72. In one embodiment, the
correction factoris further based on 3D model parameters corresponding to the 3D workpiece partand/or robot parameters
provided by the robot controller 76 for a next weld operation for the next weld layer. The 3D model parameters and the
robot parameters may include one or more of a designated height (designated deposition level) of the next weld layer
or a designated position of a welding tool for the next weld layer.

[0072] Inthis manner, combined fine and coarse compensation for deposition levels can be accomplished for a current
weld layer and a next weld layer, respectively, of a 3D workpiece part being additively manufactured.

[0073] In one embodiment, a welding system is provided having a welding power source. The welding power source
is configured to: sample, in real time, instantaneous parameter pairs of welding output current and wire feed speed
during a robotic welding additive manufacturing process for creating a current weld layer of a 3D workpiece part; determine
an instantaneous contact tip-to-work distance for, and based on at least, each parameter pair of the instantaneous
parameter pairs sampled during creation of the current weld layer; determine an average contact tip-to-work distance
based on eachinstantaneous contact tip-to-work distance determined for the current weld layer; and generate a correction
factor to be used when creating a next weld layer of the 3D workpiece part based on at least the average contact tip-
to-work distance. Each instantaneous contact tip-to-work distance may be determined in real time, and the welding
power source may be further configured to: determine, in real time, a running average of contact tip-to-work distance
as each instantaneous contact tip-to-work distance is determined during creation of the current weld layer; and adjust,
in real time, one or more of a weld duration or a wire feed speed during creation of the current weld layer in response
to the running average of contact tip-to-work distance. The instantaneous contact tip-to-work distance may be further
based on one or more of welding output voltage, welding electrode type, welding electrode diameter, and shielding gas
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used. The correction factor may affect one or more of weld duration, wire feed speed, or travel speed for the next weld
layer. The correction factor may be further based on one or more of 3D model parameters corresponding to the 3D
workpiece part or robot parameters provided by a robot controller for a next weld operation for the next weld layer. The
3D model parameters and robot parameters may include one or more of a designated height of the next weld layer or
a designated position of a welding tool for the next weld layer. The average contact tip-to-work distance may be one of
a simple mathematical average of the instantaneous contact tip-to-work distances determined for the current weld layer,
aweighted average of the instantaneous contact tip-to-work distances determined for the current weld layer, or a running
average of the instantaneous contact tip-to-work distances determined for the current weld layer. The welding system
may include a robot having a robot controller configured to operatively communicate with the welding power source.
The welding system may include a welding tool operatively connected to the robot. The welding system may include a
wire feeder operatively connected to the welding tool and the welding power source.

[0074] In one embodiment, a welding system is provided having a welding power source. The welding power source
is configured to: sample, in real time, instantaneous parameter pairs of welding output current and wire feed speed
during arobotic welding additive manufacturing process for creating a current weld layer of a 3D workpiece part; determine,
in real time, an instantaneous contact tip-to-work distance for, and based on at least, each parameter pair of the instan-
taneous parameter pairs sampled during creation of the current weld layer; determine, in real time, a running average
of contact tip-to-work distance as each instantaneous contact tip-to-work distance is determined during creation of the
current weld layer; and adjust, in real time, one or more of a weld duration or a wire feed speed during creation of the
current weld layer in response to the running average of contact tip-to-work distance. The welding power source may
be further configured to: determine an average contact tip-to-work distance based on each instantaneous contact tip-
to-work distance determined for the current weld layer; and generate a correction factor to be used when creating a next
weld layer of the 3D workpiece part based on at least the average contact tip-to-work distance. The instantaneous
contact tip-to-work distance may be further based on one or more of welding output voltage, welding electrode type,
welding electrode diameter, and shielding gas used. The correction factor may affect one or more of weld duration, wire
feed speed, or travel speed for the next weld layer. The correction factor may be further based on one or more of 3D
model parameters corresponding to the 3D workpiece part or robot parameters provided by a robot controller for a next
weld operation for the next weld layer. The 3D model parameters and robot parameters may include one or more of a
designated height of the next weld layer or a designated position of a welding tool for the next weld layer. The welding
system may include a robot having a robot controller configured to operatively communicate with the welding power
source. The welding system may further include a welding tool operatively connected to the robot. The welding system
may also include a wire feeder operatively connected to the welding tool and the welding power source.

[0075] In summary, a system and method to correct for height error during a robotic welding additive manufacturing
process are provided. One or both of a welding output current and a wire feed speed are sampled during a robotic
welding additive manufacturing process when creating a current weld layer. A plurality of instantaneous contact tip-to-
work distances (CTWD’s) are determined based on at least one or both of the welding output current and the wire feed
speed. An average CTWD is determined based on the plurality of instantaneous CTWD'’s. A correction factor is generated,
based on at least the average CTWD, which is used to compensate for any error in height of the current weld layer
and/or the next weld layer.

[0076] In appended claims, the terms "including" and "having" are used as the plain language equivalents of the term
"comprising"; the term "in which" is equivalent to "wherein." Moreover, in appended claims, the terms "first," "second,"
"third," "upper," "lower," "bottom," "top," etc. are used merely as labels, and are not intended to impose numerical or
positional requirements on their objects. Further, the limitations of the appended claims are not written in means-plus-
function format and are not intended to be interpreted based on 35 U.S.C. § 112, sixth paragraph, unless and until such
claim limitations expressly use the phrase "means for" followed by a statement of function void of further structure. As
used herein, an element or step recited in the singular and proceeded with the word "a" or "an" should be understood
as not excluding plural of said elements or steps, unless such exclusion is explicitly stated. Furthermore, references to
"one embodiment" of the present invention are not intended to be interpreted as excluding the existence of additional
embodiments that also incorporate the recited features. Moreover, unless explicitly stated to the contrary, embodiments
"comprising," "including," or "having" an element or a plurality of elements having a particular property may include
additional such elements not having that property. Moreover, certain embodiments may be shown as having like or
similar elements, however, this is merely for illustration purposes, and such embodiments need not necessarily have
the same elements unless specified in the claims.

[0077] As used herein, the terms "may" and "may be" indicate a possibility of an occurrence within a set of circum-
stances; a possession of a specified property, characteristic or function; and/or qualify another verb by expressing one
or more of an ability, capability, or possibility associated with the qualified verb. Accordingly, usage of "may" and "may
be" indicates that a modified term is apparently appropriate, capable, or suitable for an indicated capacity, function, or
usage, while taking into account that in some circumstances the modified term may sometimes not be appropriate,
capable, or suitable. For example, in some circumstances an event or capacity can be expected, while in other circum-
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stances the event or capacity cannot occur - this distinction is captured by the terms "may" and "may be."

[0078] This written description uses examples to disclose the invention, including the best mode, and also to enable
one of ordinary skill in the art to practice the invention, including making and using any devices or systems and performing
any incorporated methods. The patentable scope of the invention is defined by the claims, and may include other
examples that occur to one of ordinary skill in the art. Such other examples are intended to be within the scope of the
claims if they have structural elements that do not differentiate from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences from the literal language of the claims.

[0079] While the claimed subject matter of the present application has been described with reference to certain em-
bodiments, it will be understood by those skilled in the art that various changes may be made and equivalents may be
substituted without departing from the scope of the claimed subject matter. In addition, many modifications may be made
to adapt a particular situation or material to the teachings of the claimed subject matter without departing from its scope.
Therefore, it is intended that the claimed subject matter not be limited to the particular embodiments disclosed, but that
the claimed subject matter will include all embodiments falling within the scope of the appended claims.

REFERENCE NUMERALS

10 unit 500 graph

12 frame 510 plot

14 robot 520 plot

16 welding table 600 graph

22 workpiece part 610 plot

26 door 611 amperage/WFS parameter pair
32 window 612 CTWD value

40 control panel 700 controller portion

42 enclosure 71 input

60 welding gun 712 instantaneous CTWD
62 conduit 800 controller portion

63 electrode conduit 810 averaging module

64 wire 812 average CTWD

65 gas diffuser 820 correction factor module
67 contact tip 822 weld duration

68 wire feeder 824 wire feed speed (WFS)
72 welding power source 900 method

74 platform 910 step

76 robot controller 920 step

105  power supply 930 step

100  power source 940 step

110  power conversion circuit 1100  portion

120  generator 1110  comprator

130  controller 1120 LUT

140  voltage feedback circuit 1130  LUT
150  current feedback circuit 1140  LUT
180  bridge switching circuit

Claims

1. Awelding system, comprising a welding power source (72), wherein the welding power source (72) is configured to:
sample (910), in real time, instantaneous parameter pairs, where each instantaneous parameter pair of the
instantaneous parameter pairs includes a welding output current and a wire feed speed, during a robotic welding
additive manufacturing process while creating a current weld layer of a 3D workpiece part (22);

characterized in that the welding power source (72) is further configured to:

determine (920) an instantaneous contact tip-to-work distance (712) in real time for, and based on at least, each
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parameter pair of the instantaneous parameter pairs as each parameter pair is sampled during creation of the
current weld layer;

determine (930), in real time, a running average contact tip-to-work distance (812) based on each instantaneous
contact tip-to-work distance (712) as each instantaneous contact tip-to-work distance (712) is determined during
creation of the current weld layer; and

generate (940) a correction factor, based on at least the running average contact tip-to-work distance, to be
used in real time while creating the current weld layer of the 3D workpiece part to compensate for deviations
in a deposit level from a desired deposit level for the current weld layer.

2. The welding system of claim 1, wherein the welding power source (72) is further configured to:

generate the correction factor at least in part by comparing the running average contact tip-to-work distance to
a setpoint contact tip-to-work distance; and

adjust, in real time, one or more of a travel speed, a weld duration, or a wire feed speed of the welding system
during creation of the current weld layer in response to the correction factor.

3. The welding system of claim 2, wherein:

adjusting the travel speed in response to the correction factor includes taking into account a preset travel speed;
adjusting the weld duration in response to the correction factor includes taking into account a preset weld
duration; and

adjusting the wire feed speed in response to the correction factor includes taking into account a preset wire
feed speed.

4. A welding system, in particular according to one of the preceding claims, comprising a welding power source (72),

wherein the welding power source (72) is configured to:

sample (910), in real time, instantaneous parameter pairs, where each instantaneous parameter pair of the
instantaneous parameter pairs includes a welding output current and a wire feed speed, during a robotic welding
additive manufacturing process while creating a current weld layer of a 3D workpiece part (22);
characterized in that the welding power source is further configured to:

determine (920) an instantaneous contact tip-to-work distance (712) in real time for, and based on at least,
each parameter pair of the instantaneous parameter pairs as each parameter pairis sampled during creation
of the current weld layer;

determine (930), in real time, a running average contact tip-to-work distance (812) based on each instan-
taneous contact tip-to-work distance (712) as each instantaneous contact tip-to-work distance (712) is
determined during creation of the current weld layer;

determine a total average contact tip-to-work distance based on each instantaneous contact tip-to-work
distance (712) determined over the entire current weld layer;

adjust, in real time, one or more of a weld duration, a travel speed, or a wire feed speed of the welding
system during creation of the current weld layer in response to the running average contact tip-to-work
distance; and

generate (940) a correction factor to be used when creating a next weld layer of the 3D workpiece part (22)
based on at least the total average contact tip-to-work distance.

5. The welding system of claim 4, wherein the welding power source (72) includes a controller (130), and wherein the
controller (130) is configured to:

determine the instantaneous contact tip-to-work distance (712);

determine the running average contact tip-to-work distance (812);

determine the total average contact tip-to-work distance;

adjust one or more of the weld duration, the travel speed, or the wire feed speed during the creation of the
current weld layer; and

generate the correction factor to be used when creating the next weld layer.

6. The welding system of claim 4 or 5, wherein:
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adjusting the travel speed in response to the running average contact tip-to-work distance includes taking into
account a preset travel speed;

adjusting the weld duration in response to the running average contact tip-to-work distance includes taking into
account a preset weld duration; and

adjusting the wire feed speed in response to the running average contact tip-to-work distance includes taking
into account a preset wire feed speed.

The welding system of one of the claims 1 to 6, wherein the instantaneous contact tip-to-work distance is further
based on one or more of a welding output voltage, a welding electrode type, a welding electrode diameter, and a
shielding gas used.

The welding system of one of the claims 1 to 7, wherein the running average contact tip-to-work distance (812) is
one of a simple running mathematical average of the instantaneous contact tip-to-work distances (712) or a weighted
running average of the instantaneous contact tip-to-work distances (712).

The welding system of one of the claims 1 to 8, wherein the correction factor is further based on one or more of 3D
model parameters corresponding to the 3D workpiece part or robot parameters provided by a robot controller for a
next weld operation for the next weld layer or for a current weld operation for the current weld layer.

The welding system of claim 9, wherein the 3D model parameters and robot parameters include one or more of a
designated height of the current or next weld layer or a designated position of a welding tool for the current or next
weld layer.

The welding system of one of the claims1 to 10, wherein the total average contact tip-to-work distance is one of a
simple mathematical average of the instantaneous contact tip-to-work distances determined over the entire current
weld layer, a weighted average of the instantaneous contact tip-to-work distances determined over the entire current
weld layer, or a running average of the instantaneous contact tip-to-work distances determined over the entire
current weld layer.

The welding system of one of the claims 1 to 11, further comprising a robot having a robot controller (76) configured
to operatively communicate with the welding power source (72).

The welding system of one of the claims 1 to 12, further comprising a welding tool operatively connected to the robot.

The welding system of claim 13, further comprising a wire feeder (68) operatively connected to the welding tool and
the welding power source (72).

14



EP 3 381 597 A1

FIG. 1

15



Input
power

EP 3 381 597 A1

1087,
4
§ o b«ﬂ::“:;; ““““
F S o
1o L.
]
] e
power bridge - =22 1
converslon switching g
e i e e . e, P !ﬁ\ 1 4G
!
voltage
feedback
/’\1 30
f‘“ 120
waveform controlier
generator

{150

curent
feedback

FIG. 2

16



EP 3 381 597 A1

FIG.3

17



EP 3 381 597 A1

FIG. 4A FIG. 4B

I ‘ CTWD

Arc Length / \ 2

} Layer N+1 {‘ é
! \

S Layeor M

18



500

CTWD

EP 3 381 597 A1

/20

"‘“’?u(_,‘,...,.
%,
w

510

o
i,

AMPERAGE

FIG.5

19



EP 3 381 597 A1

FIG. 6

20



EP 3 381 597 A1

700

7107

LUT

FIG. 7

21

CTWD

712



EP 3 381 597 A1

Tt 78
robot
controlier
800 -, 3D modal/robot parameters
ti
e B9 e 820
'”Qfﬂi f 810 y ’/”‘S
fﬂﬁ
oty ypRld duration
Inst. AVG. .
LUT CTWD AVG ctwp | correction
2 CTWD |/ factor
712 812 > WFS
{faza

FIG. 8

22




900

910‘““\\

EP 3 381 597 A1

B

el TN
(_ stat )

[ i

sample one or both of welding

output current and wire feed speed
during a robotic welding additive
manufacturing process (RWAMP) for

creating a current weld layer

92 0”/\

k.

determine a plurality of instantaneous
contact-tip-to-work-distances (CTWD)

based on one o both of
the welding output current and
the wire feed speed as
well as a welding wire type,

a welding wire size and, optionally,

a welding gas type used during
the RWAMP and/or
a welding oulput vollage

o ’ R
. emfik M}

94*3”’”\1&

generate a correction factor to be used
when generating a next weld layer
based on the average CTWD and
one or more parameters from
a robot confroller used during the
RWAMP

93(3*“"\\

determine an average CTWD based on
the plurality of instantaneous CTWD's

23

determinad during the RWAMP
for the current weld layer

FIG.9



EP 3 381 597 A1

z-direction

.._.......—.-.-.-.--a..,pa.a-‘-‘..-“*..“u.‘-.}

FIG. 10

24



1100

N

CTWD Setpoint—=

RA CTWD —>

EP 3 381 597 A1

Correction
Factor

Preset
Travel
Speed

(—1120

LUT Adjusted
or S -
Function Speed

Preset
Weld
Duration

F1130

LUT Adjusted
or ey \f\2ld
Function Duration

Preset
Workpoint

l /\1 140
Adjusted

LUT > WFS

or Adjusted
Function | ——— > power Source
Cutput
FIG. 11

25



10

15

20

25

30

35

40

45

50

55

Européisches
Patentamt
European
Patent Office
Office européen

des brevets

[

EPO FORM 1503 03.82 (P04C01)

EUROPEAN SEARCH REPORT

EP 3 381 597 A1

Application Number

EP 18 16 3151

DOCUMENTS CONSIDERED TO BE RELEVANT

Categor Citation of document with indication, where appropriate, Relevant CLASSIFICATION OF THE
gory of relevant passages to claim APPLICATION (IPC)
X US 2015/108096 Al (DANIEL J A) 1-14 INV.
23 April 2015 (2015-04-23) B23K9/04
* paragraphs [0005], [0050], [0051], B23K9/095
[0003], [0054], [0058] - [0062], [0068] B23K9/12
- [0072]); claims 1-20; figures 2,7-10 *
Y US 4 525 619 A (IDE EIZO [JP] ET AL) 1-14
25 June 1985 (1985-06-25)
* column 2, Tine 38 - column 5, Tline 2;
claim 1; figures 1,5-7,12 *
* column 7, lines 19-47 *
Y WO 20117027238 Al (UNIV CATANIA [IT]: 1-14

MUSCATO GIOVANNI [IT]; CANTELLI LUCIANO
[IT]; SPAMP) 10 March 2011 (2011-03-10)
* pages 3,5-8; claims 1-14; figures 1-4 *

TECHNICAL FIELDS
SEARCHED (IPC)

B23K
The present search report has been drawn up for all claims
Place of search Date of completion of the search Examiner
Munich 20 August 2018 Schloth, Patrick

CATEGORY OF CITED DOCUMENTS

X : particularly relevant if taken alone

Y : particularly relevant if combined with another
document of the same category

A : technological background

O : non-written disclosure

P : intermediate document

T : theory or principle underlying the invention

E : earlier patent document, but published on, or
after the filing date

D : document cited in the application

L : document cited for other reasons

& : member of the same patent family, corresponding
document

26




10

15

20

25

30

35

40

45

50

55

EPO FORM P0459

EP 3 381 597 A1

ANNEX TO THE EUROPEAN SEARCH REPORT

ON EUROPEAN PATENT APPLICATION NO. EP 18 16 3151

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.
The members are as contained in the European Patent Office EDP file on
The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

20-08-2018
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2015108096 Al 23-04-2015 CN 105658367 A 08-06-2016
DE 202014010776 Ul 12-08-2016
JP 3208808 U 23-02-2017
US 2015108096 Al 23-04-2015
WO 2015059533 Al 30-04-2015
US 4525619 A 25-06-1985 CA 1205145 A 27-05-1986
DE 111110 T1 11-10-1984
DE 3369261 D1 26-02-1987
EP 0111110 Al 20-06-1984
JP 55985374 A 17-05-1984
Us 4525619 A 25-06-1985
WO 2011027238 Al 10-03-2011 EP 2473308 Al 11-07-2012
IT 1395636 Bl 16-10-2012
WO 2011027238 Al 10-03-2011

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

27




EP 3 381 597 A1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

* US 13418813 A [0001] « US 6772932 B [0027]
* US 61894035 A [0001]

28



	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

